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Abstract—T he effect of beat noise and other types of additive
noise in time-spreading optical-code-division multiple-access (TS
OCDMA) networks is analyzed in this paper. By defining the co-
herent ratio kt, the ratio of the chip duration to the coherence
time of thelight source, TSSOCDMA systemsareclassified intoin-
coherent, partially coherent, and coherent systems. The noise dis-
tributions and the bit-error rates are derived, and system perfor-
manceisdiscussed for different cases. The performanceof coherent
systemsislimited by thebeat noise. With increasing kt, the effect of
beat noise decreasesin incoherent systems, and they eventually be-
comefreeof beat noise. Possible solutionsto thebeat noise problem
in coherent and partially coherent systems are also proposed and
discussed.

Index Terms—Beat noise, code-division multiple access
(CDMA), communication systems, optical networks.

I. INTRODUCTION

T is well known that the most critical segment of any

telecommunication network is the last mile because it
provides the link to the business or residential customers who
provide revenues. The next-generation last-mile (or access)
network, which will deliver various next-generation services
(Ethernet, video, and voice) all at the same time, is expected
to be anew driving force for telecommunications. Only optical
techniques, passive optical networks (PONS) in particular, can
provide sufficient bandwidth for this requirement. Existing
optical access techniques for this purpose include time-division
multiple access (TDMA), wavelength-division multiple access
(WDMA), subcarrier multiple access (SCMA), and code-divi-
sion multiple access (CDMA).

Opticadl CDMA (OCDMA), where different users are as-
signed different codes during transmission, is a promising
candidate for next-generation broad-band access networks. It
offers several unique advantages [1]-{6].

1) All optical processing: Unlike wireless CDMA, coding
operations are performed all opticaly in OCDMA, asis
desirable for the PON requirement.

2) Fully asynchronous transmission: The OCDMA network
can work with fully asynchronous transmission without
requiring complex and expensive electronic equipment
and protocols.

Manuscript received June 24, 2003; revised June 7, 2004.

X. Wang was with the Department of Electronics and Information Systems,
Osaka University, Osaka 565-0871, Japan. He is now with the Ultra-fast Pho-
tonic Network Group, Information and Network System Division, National In-
stitute of Information and Communication Technology (NICT), Tokyo 184-
8795, Japan (e-mail: xwang@nict.go.jp).

K. Kitayamaiswith the Department of Electronics and Information Systems,
Graduate School of Engineering, Osaka University, Osaka 565-0871, Japan.

Digital Object Identifier 10.1109/JLT.2004.833267

3) Low-delay access: OCDMA enables a low access delay
as the coding operations are performed all optically and
passively.

4) Soft capacity on demand: Users can be easily added or
removed as demand changes.

5) Potential security: High security can be ensured by using
long pseudorandom codes for transmission.

6) Quality of service control: The quality of service (QoS)
can be easily controlled in physical layer by assigning
different codes indicating the appropriate QoS to users.

Generally, OCDMA techniques can be classified based on
two criteria. First, based on theworking principle, OCDMA can
be classified into incoherent OCDMA [1]-{10], wherecodingis
done on an optical power basis, and coherent OCDMA [3]-{€],
[11]{13], where the coding is done on a field amplitude
basis. Second, based on coding dimensions, OCDMA coding
operations can be one-dimensional (1-D) to be performed in
either the time domain [1]-7], [11]-{13] or the frequency
domain [8]-{10], [14]-{17] or be two-dimensiona (2-D) to be
performed in the frequency and time domains simultaneously
[18]25].

Incoherent time-spreading (TS) OCDMA has been studied
for along time because it is easy to be implemented at a rela-
tively low bit rate [1]-{9]. The coding operation is performed
in a unipolar (0, 1) manner because of the incoherence. This
leads to several disadvantages, such as a small code size, low
power and bandwidth efficiency, and poor correlation [1]-{4].
Several schemes have been proposed to overcome this issue
eectrically [7]-{10], but these suffer from the optoelectronic
bandwidth bottleneck. Coding in the frequency domain (espe-
cialy with 2-D schemes) provides a new freedom and will re-
sult in better correlation performance by using more frequency
resources [18]-{25]; however, it will also suffer from the disper-
sion problem, which is not easily solved in such a broad-band
application.

Coherent OCDMA is superior to incoherent schemes in
overal performance because coding operations are performed
in a bipolar (—1, +1) manner in the optical domain [3]-{6],
[11]-{14]. Among the coherent schemes proposed so far, co-
herent TS OCDMA is the most desirable choice for practical
use in terms of the correlation property, frequency efficiency,
and dispersion [4]-{6], [11], [12], [26], [27]. However, the
optical path of the encoder/decoder must be controlled within
an optical wavelength order. Previoudly, only planar lightwave
circuits (PLCs) have been used for this purpose [4]-{6]. Unfor-
tunately, the PLC isnot apractical choice so far intermsof codt,
volume, insertion loss, or compatibility with the fiber-optic
system. Recently, superstructure fiber Bragg grating (SSFBG)
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PG - Pulse generator;
PD—Photo detector;

Thin lines — Optical paths
Thick lines — Electrical paths

Fig. 1. System model of the OCDMA-PON and noise sources.

has been reported that offers high performance, compactness,
compatibility with the fiber-optic system, and potentially low
cost, making it an attractive choice for coherent TSSOCDMA
encoding/decoding [26], [27]. The improved practically of
coherent TSS-OCDMA has attracted a great deal of research
attention.

In coherent TSS-OCDMA, the coherence of the optical signal
has to be maintained within the chip duration so the coherent
beat noise becomes critical. The beat noise issue has been
studied with respect to spectral coding OCDMA systems
[10], [28] and 2-D OCDMA [29]. The effect of beat noise
in a TSSOCDMA system, however, has not been studied to
the authors' knowledge. This paper examines the beat noise,
aong with the multiple-access-interference (MAI) and receiver
noise, and the effects of such noise on incoherent, coherent,
and partially coherent TSS-OCDMA.

This paper is organized as follows. In Section I, the
system models of coherent, incoherent, and partially coherent
TS-OCDMA-PON that were used are described. The noise
distributions and corresponding bit-error-rate (BER) expres-
sions are derived and discussed in Section I1l. In Section IV,
the system performance of these networks and the effect of
the beat noise are evaluated and possible solutions discussed.
Conclusions are presented in Section V.

Il. SYSTEM MODEL

A simplified system model of a TSSOCDMA-PON is shown
in Fig. 1. Three different kinds of noise source should be taken
into account in this model: MAI noise arising from the net-
work, beat noise at the detector, and receiver noise (thermal,
shot noise, etc.). The bandwidth of the receiver islimited to the
chip rate and thus is equivalent to an integrator (over one-chip
interval) followed by thresholding [2], [7].

We assume that there are K active users asynchronously
transmitting signalsinthe network. If therearem (0 < m < K)
interfering signals from untargeted active users at a given in-
stant, the received optical field at the photodetector of the target
user is

E(t) = \/Paexpj (wa -t + pa(t))
+ Z VPiexpj(wi-(t—7)+¢i(t— 7)) (1)
=1
where P; and P; arethe optical intensity of the decoded signal

from the targeted (data) and untargeted users (interferers), re-
spectively, wy and w; are optical frequencies, ¢, and ¢; are the
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Noises

EOM—Electro-optic modulator;
Th— Thresholder.

respective phase noise of these signals, and 7; is the relative
network transit delay of the interferer. We assume that ¢4 and
¢; aremutually independent Gaussian-distributed Wiener—L evy
stochastic processes [30]-{32].

For aTS-OCDMA network employing chip-rate square-low
photodetection, the output signal Z from the integrator is

T, T.
Z:/?R-(E-E*)dt~|—/n0(t)dt
0 0

=T.RP; +T. R i P, +2R Xm: v Py P;
1=1 i=1

Data
T.

X /cos (wi —wa)t —wiT; + ¢i(t — 1) — Pa(t)) dt

Interference

Primary data—interference beat terms

m m-—1
+ 2R Z Z VPiP;
j=it1 i=1

X Cos((wi—wj)t—wi'ri-l-wj'rj+<j>i(t—'ri)

—n

0
Secondary interference—interference beat terms
T
—¢;(t— 1)) dt + / no(t)dt 2

0
Receiver noise

where R isthe responsivity of the photodetector, T isthe chip
duration, and no denotes the receiver noise current. Here, it is
assumed that the bandwidth of photodetector is larger than the
frequency difference between the incoming signals (w; — wq).
The chip pulse waveformisal so assumed to be constant over the
chip duration T for simplicity. In this expression, the first term
is the target signal, the second term represents the MAI noise,
and the third and fourth terms are the . primary data—interfer-
enceand m(m — 1) /2 secondary interference-interference beat
noise, respectively. Thefinal term represents the receiver noise.
Here, the polarization states of the data and interfering signals
are assumed to be the same (the worst-case scenario).

Usually, inaTS-OCDMA-PON, the crosstalk level ¢, which
is defined as ¢ = (P;)/ Py (here, (o) represents the assemble
average), is very small (¢ <« 1). For example, in a coherent
TS-CDMA-PON with the SSFBG encoder/decoder using length
Ncnip Gold code, € =~ 1/Ncnip. The ratio of the variance of
primary and secondary beat noise terms is about 2/(m/¢€). If
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m isnot very large (m+/¢ < 1), the secondary beat noise can
be ignored. Generally, we can therefore focus on the primary
data—interference beat terms. For the case where the secondary
beat terms cannot be ignored, the discussion is similar.

In the expression of the primary beat terms (the third sumin
(2)), there are three terms inside the cosine functions. The first
termis (w; — wj) -t = (bw);;.t. Typically, weassume (bw);; <
1GHz[32] and T¢ =~ 10 ps[33],[34] in TS-OCDMA, theterm
(bw);t < 2m within theintegral duration T, so the first term
isnegligible. The second term w; ; is approximately a constant
during theintegral duration, sothisisalso anegligibleterm. The
thirdterm ¢(t — ;) — ¢(t — ;) = 6¢4,(t) strongly depends on
the coherent property of the optical pulsewithin theintegral du-
ration. We will discuss the effects of thisterm in three different
cases: an incoherent regime, a coherent regime, and a partialy
coherent regime.

A. Incoherent Regime (7. < T¢)

In incoherent TSSOCDMA, it is usually assumed that 7. <
Tc (7. is the coherence time of the light [32]). In this regime,
d¢,;(t) isarandom process uniformly distributed over [—, 7]
during theintegral duration T¢. Theintegral of the cosine func-
tion thus gives 0. We can simplify Z to

T

[rae. @

0

Z= T§R< d+ZP)

This means that the beat noise can be ignored by averaging
throughout the detection, and the MAI noise is the dominant
noise source in such systems.

B. Coherent Regime (7. > T¢)

In contrast, in coherent TSSOCDMA (e.g., with PLCs or
an SSFBG encoder/decoder), the coherence of light should
be maintained at least within each chip; i.e, 7. > T¢. In this
regime, 6¢,;(t) isasmall constant within the integral duration
Tc. Thus, Z becomes

Z=~T.R (Pd + Xm:PL>

=1

m

22 VI

+RT, P, P;cos(A®;)

T,
+ O/no (@)

Here, we ignore the secondary interference—interference beat
noise terms for simplicity. A®; = (dw)iaTc + witi + dbia
denotes the overall phase noise. A®; is arandom process that
variesover [—, 7] from bit to bit, which resultsin beat noisein
coherent TSS-OCDMA systems.

C. Partially Coherent Regime (T /7. > 1)

Usudly, in an incoherent TSSOCDMA network, the ratio
Tc /7. is not very high. Here, we define the coherent ratio
kt = T¢ /7. to measure the coherence property of the light
within the chip duration. As . ~ 1/ B, (B, istheoptical band-
width of the system), kt ~ T B,. In practice, most incoherent
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TS-OCDMA systems are partially coherent (kt > 1) asT¢ is
usually very short and B, cannot be very large. For instance,
if Tc ~ 10 ps, the coherent ratio kt of a system with 2-nm
bandwidth (B, ~ 250 GHz) isonly about 2.5. That is far from
the incoherent regime. To attain k¢ = 10, an 8-nm bandwidthis
required, which is prohibitively large. Therefore, it isimportant
to determine the relationship between the beat noise and the
coherent ratio kt of TSSOCDMA systems.

Inthe partially coherent regime, asimplification of the model
isto assumethat therelative phase A®;,, ismaintained asacon-
stant within every timeslot of coherent time 7., and they are mu-
tually independent random processes distributed over [—, ]
for different time dlots. Under this assumption, Z can be ex-
pressed as

=1
kt
+R7. Z

n

T,
+ / no (t)dt
0

Within the limit of k¢t = 1, (5) becomes that of the coherent
regime (i.e., (4)). Within thelimit of k¢ — oo, (5) becomesthat
of the incoherent regime [i.e., (3)].

2 Z V/ P;Pjcos(A®;,)
i=1

I11. NOISE DISTRIBUTIONS AND BER EXPRESSIONS
The average BER of the system can be written as

K-1

BER = Z

where p(m) is the probability that r» of the K — 1 interfering
usersare simultaneously “ 1" s at the detection chip, which obeys
the binomial distribution

p(m) =

) BER (m) (6)

(K - 1)!

(K—m-— 1)!m!27(K71)' ()

BER(m) is the BER with m interfering signals. With equal
probability binary data and chip rate detection, BER(m) can be
expressed as

BER(m) = Pr(0)chip Pe(1]0)(m)+Pr(1)chipPe(0]1)(m)

=[PrOmat P (122 ) | Peaionm
¥ [Pra)data%} Pe(0[1)(m)

:% [(2_ ;];Ct) Pe(1]0)(m) (Oll)(mﬂ
(8

wherePr(0)chip and Pr(1).ni, arethe probabilitiesof chip mark
“0” and “1”, respectively, while Pr(0)gata and Pr(1)gata are
the probabilities of datamark “0” and “1”, respectively. Tg;; IS
thebit period, and Pe(1|0)(m) and Pe(0|1)(m) are conditional
error probabilities with chip mark “0” and “1”, respectively.
We can thus discuss the noise distributions from (3)—5) for
different systems and derive BER expressions of them.
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Fig. 2. Noise pdf with different values of m (I; = Py, Iy = 24/ Py). Solid black lines: Calculate by (12). Dashed black lines: Gaussian pdf. Dotted gray lines:

Modified Gaussian pdf.

A. Incoherent Regime (kt — o0)
From (3), the average received signal scaled by 1/T.R is

A~ (4 mey ©

If we assume that the MAI and receiver noise both have
Gaussian distributions, the error probabilities are

Pa(D —mf)}

Voo | U9

Pe(1]0)(m) = %erfc [
and

Pe(0]1)(m) = Serfc [ (10b)

Py(1+m& — D)
2

\/§Ul—in

where0 < D < 1+ m¢ isthe decision threshold. In addition,
0o—in and o1 _;, arethetota noise variance with chip mark “0”
or “1”, respectively

> _ 9 2 2
Og—in =O0MAT T O¢h T 00_sn

(118)

2 _ 2 2 2
O1_in =OMAI T Oth T 01_sh

where oyrar, oin, and og, arethe MALI, thermal, and shot noise
variances, respectively

o §1A1 =mo 12wA170
Oth = T

02_ . =2eBrRPymé

01 _a = 2eBRRPy(1 + mé). (11b)

Here, onia1—o isthevariance of asingleinterfering signal; when
using Ncpip, = 127 Gold code, 03747 & 6.5 x 107°. B =
1/(2T¢) is the receiver bandwidth, and Ny, = 4kpT/Ry is
the thermal noise spectral density, where k5 is Boltzman’s con-
stant, 7" is the temperature, and Ry, is the load resistance. A
typical value of Ny, = 1 pA%/Hzisused in the following cal-
culations. e is the electron charge.

= BrNw

B. Coherent Regime (kt = 1)

Within thislimit, theaveragereceived signal scaledby 1/7.R
isalso given by (9). When the chip mark is“0” (P, = 0), and if
the secondary beat terms are negligible, Pe(1|0)(m) isalso the
same as given by (10a). If the number of secondary beat terms
is large enough that it is not negligible, it can also be modeled
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to have anormal Gaussian distribution according to the central
limit theorem. Therefore, Pe(1]0)(m) will have the same form
as (10a) with o(_;, replaced by og_co

Ug—co = o—l%/IAI + Ugh + O-lz)eat—O (lza)
where 01,04t 0 IS the variance of the secondary beat noise
(12b)

With chip mark “1”, the beat between each interference with
thetarget signal hasa“two-pronged” distribution[30]-{32]. The
probability density function (pdf) of thetotal received signal can
be expressed as

U%eat—o = m(m - 1)€2Pd2

pdf(z,m) = F [M(w)] = — / M (w) exp(—jwz)dw
- (139)
where M (w) isthe characteristic function of the signal [32] and
is defined as

oo

| / exp(—jwz)dz.

— 00

From (4) and (13b), we can easily derive

M(w) = (13b)

2
X exp [jm(f + \/E)Pdw} (14)

where J, is the Bessdl function of first kind zero order. Thus,
the error probability for mark “1” can be expressed as

DPy

Pe(0]1)(m) = /pdf(x,m)da;.
0

M(w) = J(2/EPyw) exp {_ af_mwj

(15

We have applied two approximations for this pdf to simplify
the calculation [33]. Oneisto use the Gaussian distribution with
01—co

2

_ 2 2 2 2
01—co = Oheat—1 T OMAT T Oth + 01 _sp

(16)

where op,..t—1 1S the variance of the beat noise, which can be
expressed as

2 _ 2
Obeat—1 — 2m£Pd .

We can then calculate Pe(0|1)(m) using (10b) by replacing
01—in With o1 _,. According to the central limit theorem, we
can expect this approximation to be valid when m is large
enough.

When the m value is low, as the pdf of each interferer beat
term is two-pronged and bounded within 2./¢ P, we apply an-
other approximation to modify the Gaussian pdf by bounding
the beat noise pdf within 2m./¢P; and replacing it by that
without beat noise. The modified Gaussian distribution with
variance oy_, is

2 _ 2 2
O1—co™ Oheat—1 T OMAT

R
5 +2Uth +Ul—sh7
Ol _in= UM?AI + 0
+Jl—sh‘/

if D> 14+mé—2m./¢

2 _
O1—m —

others
(1739
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Fig. 3. BER performance evaluation using different noise pdfs (optimum
threshold level D applied). (a) Upper and lower bound of the BER curve for
K = 3. Upper bound: Gaussian pdf. Lower bound: Modified Gaussian pdf.
Middle curve: Calculated using (12)—(14). (b) Upper and lower bounds of the
BER performance for different K .

Thus, the error probability Pe(0|1)(m) can be calculated using
this modified Gaussian distribution and expressed as

Pe(O1)(m) = {erfc {M}

\/501700
©erfe {M} ~erfe [M} }
\/io'lfin \/501700 7

if D> 14 mé—2m/¢

Pe(0|1)(m):%erfc [mgg—@} others.  (17b)

The noise pdfs calculated from these three expressions with
different values of m are plotted in Fig. 2. The variations be-
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Fig. 4. Noise pdf with different values of kt for various m.

tween them are quite remarkable when m is low, but as m in-
creases, the profiles become identical.

We also evaluated the BER performance using these pdf ex-
pressions for K = 3 [Fig. 3(d)]. The Gaussian pdf gives the
upper bound of the system BER, while the modified Gaussian
pdf givesthelower bound. Fig. 3(b) compares the results of the
two approximations with different values of K. If K islarge
enough, the deviations between the approximations are negli-
gible butif K < 5,thedifferenceisquitelarge. (Inal thesecal-
culations, an optimal D valueis applied to minimize the BER.)

C. Partially Coherent Regime (kt > 1)

Generally, the average received signal in the partialy co-
herent regime is given aso by (9). P(1]0)(m) should also be
the same as (10a) for the reasons given in case B.

The noise pdf with chip mark “1” can be derived from (5), as
follows:

pa(r,m) = FMy()] = 5 [ Myfe) exp(—ws)d
h (18)
where
{1245 a1 5]
X exp [— "%“’2} exp [jm(£+ \/E)Pdw] . (19

Here, | kt| givestheinteger part of number kt. Theerror prob-
ability Pe(0|1)(m) can be obtained from (15). We can easily

prove that when kt = 1, (19) becomes the same as (14); when
kt — oo, (18) turns out to be a Gaussian distribution.

The noise distributions with different values of k¢ and a dif-
ferent number of interference signals m are plotted in Fig. 4.
With theincrease of kt, the noise pdf changes from the coherent
limit (kt = 1) to the incoherent limit (k¢ — oo). This shows
how the beat noise is eliminated from a system through an in-
crease in the coherent ratio k.

V. PERFORMANCE LIMITATIONS DUE TO THE BEAT NOISE AND
THE MEANS OF BEAT NOISE SUPPRESSION

The effects of different noise sources on the BER perfor-
mance of a TSS-OCDMA system are illustrated in Fig. 5 (solid
lines). In this example, K = 32, the lowest solid curve in the
figure is with receiver noise only, the middle one is that of an
incoherent network with receiver noise plus MAI noise, and the
highest oneisthat of coherent TS-OCDMA with beat noise. We
can seethat the MAI noiseisthe dominant noise sourceininco-
herent TSS-OCDMA, while the beat noise dominatesin coherent
TS-OCDMA and thusisthe main limit on system performance.

The dashed curvesin Fig. 5 clearly show the relationship be-
tween the BER performance and the coherent ratio k¢ of the
system. The impact of the beat noisein aTS-OCDMA network
is highly dependent on the coherent ratio kt¢: from the coherent
limit (kt = 1), whichis beat noise dominated, to the incoherent
limit (kt — o), which is MAI-noise dominated, the impact of
beat noiseis gradually eliminated with increasing kt.

Fig. 6(a) showsthe power penalty (at BER = 1 x 10~?) of the
TS-OCDMA system with (coherent) and without (incoherent)
beat noise versus K using 127-chip Gold code. Fig. 6(b) shows
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Fig.5. Influence of the different noise sources and the coherent ratio kt on the

BER performance of aTS-OCDMA network with 32 active users.

the power penalty versus the crosstalk level ¢ for K = 10.
The base line is that with the receiver noise only. The results
of using two BER approximations are a so plotted to show the
upper and lower bounds. Fig. 6(a) shows that because of beat
noise the coherent TSS-OCDMA using 127-chip Gold code can
only support fiveactive usersfor error-free (10~?) transmission,
whereas, without beat noise, it can accommodate more than 40.
Fig. 6(b) shows that to support ten active users for error-free
transmission, ¢ must be about —30 dB, which means the code
length should be about 1000. That will be prohibitively largefor
practical encoder/decoder devices.

Three points need to be noted regarding these results. Oneis
that in the above calculations, optimal threshold values Dopt
are applied. The differences between the BER performance
with Dopt and that using a fixed D = 0.5 can be seen in
Fig. 7. The value of Dopt is determined by solving the equation
J(BER)/0D = 0 numericaly (the curve with circles in the
figure). The second point concerns the chip-rate detection in
our model. In practice, chip-rate detection may not be available
as the photodetector is not fast enough. The use of a PD with a
narrower bandwidth B will result in a longer integration time
in the model, thus degrading BER performance. Fig. 7 also
shows the BER performance for different PD bandwidths. The
third point is that in a 2-D OCDMA scheme with a coherent
laser source, as in each wavelength, the signal is coherent
time-spread, so it could be regarded as a partially coherent
TS-OCDMA scheme with kt = p,. Here, p, is the weight
of the encoded signa. In a symmetric 2-D OCDMA system
ps = pr (pr 1sthe number of available wavelengths) [18]-{25],
[29]. Therefore, we can expect the degradation due to beat noise
to also be eliminated if alarge number of wavelengths are used.

As the beat noise critically limits system performancein co-
herent and partially coherent TSSOCDMA networks, a way to
dleviate itsimpact is crucia in OCDMA networks. In Table I,
we classify the means to suppress beat noise into three mecha-
nisms and summarize several possible methods. Thefirst mech-
anismisto reducethe crosstalk level (¢). The use of longer code
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time-spreading OCDMA networks.
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Fig. 7. BER performance with optimal (black line) and fixed (gray line) D,

and under-chip-rate detection.
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MEANS OF SUPPRESSING BEAT NOISE IN AN OCDMA-PON
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Notes
Mechanism Method
Partiaily coherent Coherent OCDMA

Using longer The code is too sparse, |Increased hardware cost
cgode g low power & bandwidth| & limited transmission

Reduce efficiency data rate

crosstalk

1. Need control of optical path within

Synchronized

chip-length (mm) order (for precise synch.)
OCDMA 2. Lowers the bandwidth efficiency (rough
synch.)

Polarization

Polarization ) .
scrambling or

state

Not effective for PON environment

modulation
LED, ASE, .
Low-coherence | chirped DFB, Effective because of ccﬁlzt‘:rfzicﬁleviif?erdth: a
source modulation, increased kt ! q !

etc.

chip duration (Tc*B ~1)

isthe most effective way to do this. Thiswill lead to anincrease
of hardware cost and lower bandwidth efficiency. However, the
progress made in SSFBG fabrication techniques has made it
possible to produce ultralong optical codes with a very high
chip rate [35]. Another way is to use a synchronized scheme.
With a precisely synchronized scheme, ¢ can be reduced to a
reasonably low level. However, the system synchronization re-
quirement is too strict to be realized in practical network en-
vironments. A roughly synchronized scheme can mitigate this
problem by allowing the crosstalk from different usersto offset
each other, but thiswill lead to lower bandwidth efficiency.

The second mechanism is to control the polarization state of
the crosstalk from each user through polarization scrambling or
modulation. This is effective if the polarization state is known
a priori and controllable but cannot work in the PON environ-
ment.

The third mechanism is to lower the coherence of the light
source. Thisis effective for partially coherent systems because
kt isincreased. This method cannot be used for coherent sys-
tems, however, because the coherent coding operation requires
that Te x B ~ 1(kt ~ 1).

V. CONCLUSION

Generally, TSSOCDMA systems can be classified according
to the coherent ratio kt into incoherent (kt — oc), coherent
(kt = 1), and partially coherent (kt > 1) systems. kt reflects
the coherent property of the light during the chip duration. The
coherent scheme that works with bipolar codesis more efficient
and enables better system performance than the partialy co-
herent and incoherent schemes that work with unipolar codes.
In a coherent system, however, the beat noise is the dominant

noi se source and main limit on system performance. In partially
coherent systems, the effect of beat noiseisgradually eliminated
as kt rises. Anincoherent system isfree of beat noise and MAI
noise is the dominant noise source.

There are several ways to overcome the beat noise in a co-
herent or a partially coherent TSSOCDMA network. Using a
low-coherencelight sourceis effectivein partially coherent sys-
tems since this increases kt. In coherent systems, the use of
longer codes and some kind of synchronization scheme can
lower crosstalk, thus mitigating the impairment of beat noise.

For the coherent TSS-OCDMA PON, beat noise is a serious
issue since it isthe major limitation in network design. The re-
cent progress made in SSFBG techniques shows that it is pos-
sibleto eventually suppress the beat noise to an acceptable level
inacoherent TSOCDMA network with an SSFBG encoder/de-
coder.
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